A new method of recyclability evaluation is proposed. The recyclability of a product is given by summing up recyclability of all units to which the product is manually disassembled. The recyclability of a unit is calculated if all names and amounts of materials of which the unit is composed are known. The recyclability of a disassembled unit consisting of multiple materials is judged on the grounds of removability of impurities, miscibility and marketability of polymer blends. Recyclability of a long-lifetime product can be estimated from recyclability of units, which are modeled as probabilistically distributed degradation of materials. The proposed method is applied to recyclability evaluation for a refrigerator with several scenarios of disassembly levels. The practical disassembly scenarios limit the maximum recyclability rate of the product. Therefore, recyclability rates calculated based on the proposed method are considerably lower than those of the recyclable materials of which the product consisted.
Introduction
With a view to establishing a sustainable society, it is necessary to supply environmentally conscious products (ECPs) to the market (1) . The basic law for establishing the recycling-based society and related recycling laws was enacted recently in Japan. It is important to promote an environmentally conscious design for reuse and recycling of post-consumer products. In the case of the design of recyclable long-life products, change of these laws and regulations, market, progress of the technologies, and degradation of the material are significant factors. Design for recyclability should be executed based on a prediction of the future.
Disassemblability affects the maintainability during usage and recyclability in a recycling phase. Therefore, some evaluation methods for disassembly have been developed (2) - (4) . Evaluation methods for disassembly usually require preparation of the information about all of the connections between parts and materials. However, disassembly cost is so high that it is rare to disassemble all parts into single materials. In practice, parts are treated with some applicable recycling mode even if the parts consist of different materials. For example, material recycling is classified into closed-loop recycling and cascade recycling. In the closed-loop recycling system, quality of materials can be preserved and the materials are recycled for the same applications. In the cascade recycling system, quality of materials degrades and the materials are recycled for other applications. Whereas closed-loop recycling requires disassembly for single materials, cascade recycling accepts the mixture of materials in some cases. Furthermore, in the case of chemical recycling, for example recycling for a blast furnace feedstock, more contents are acceptable in the mixture of materials. The judgment for recyclability of materials should change according to the mixed materials and impurities. Therefore, information about all of the connections between parts and materials is unnecessary. Important information is the relationship between disassembly level and applicable recycling mode.
In this paper, we propose a new method of recyclability evaluation, which estimates applicable recycling mode according to the information about the composition of materials in disassembly units. The aim of the method is to confirm that the disassemblability and the proper mate-rial selection result in the improvement of recyclability of products in a design phase, and to promote the creation of ECPs. In the remainder of this paper, we describe the points on which this study is focused, the evaluation procedure and a case study, and present a conclusion.
Points on Which This Study Is Focused

1 Design phase
This method is supposed to be used based on the data of the design phase. Therefore, the data is a parts list together with the amounts of materials of which the parts are composed, as written in the product specification. The data output by the method is an estimated recyclability of the product, which is used for evaluating disassembly processes and applied materials.
2 Manually disassembled units
The disposed product is supposed to be disassembled manually at the first stage of the recycling phase. Recyclable amounts and modes of recycling are estimated for each manually disassembled unit. Recyclability of a unit made of compound materials is determined on the basis of compatibility of materials. Recyclability of the product is estimated by summing up recyclability of units.
3 Selecting recycling modes
A design engineer sets up the recycling modes used for estimation of a recycling rate arbitrarily. Since the target recycling rate and the recycling modes that can be appropriated for a recycling rate may change due to revision of the law, the design engineer has to evaluate based on a consideration of the possibility of a future tightening on the law. Moreover, taking the rates of the recovery yield for every recycling mode into consideration, the rate of recycling materials utilized is actually evaluated in this method.
4 Effects of material degradation
The degradation of materials during use poses a risk that an actual result of a recycling rate may be lower than expected. Therefore, the method takes the material degradation of a product during use into consideration.
Evaluation Procedure
1 Procedure
The following explanation of the evaluation procedure is based on Fig. 1 .
(a) Enter fundamental data of a product A design engineer prepares composition and mass data of the units and materials. The parts and material data used with the CAD tool or the life cycle assessment tool are utilizable as the input data.
(b) Set recycling conditions A design engineer sets groups of the materials according to the level of disassembly performed before recycling. Because the unit extracted for reuse is set as a reuse unit exceptionally, it is unnecessary to judge recyclability by (c) Analyze recyclability An evaluation tool judges the applicable recycling mode based on a consideration of the compatibility of constituent materials for each disassembled unit.
The applicable recycling mode is defined for each material. The recyclability rate is estimated by multiplying mass by the rate of the recovery yield set up for each recycling mode, and summing it.
(d) Simulate risk of recycling rate The tool evaluates the risk of a decrease in the recycling rate due to degradation of materials. Since performance of the materials may degrade in the case that parts and materials are used in a severe environment, material recycling may be difficult. Therefore, the probability distribution according to the number of outside environmental factors, which bring degradation, is set up for each part and material, and Monte Carlo simulation is applied to estimate the probability distribution of the recyclability rate.
2 Judgment flow of the applicable recycling mode
The concrete flow of judging the applicable recycling mode based on a consideration of the compatibility of constituent materials for every disassembly unit is explained [ Fig. 1 (c)] .
If the disassembly unit is made of a single material, then it should be recycled back to the same material. Recyclability of a disassembled unit consisting of composite material should be judged based on the compatibility of the constituent materials, as shown in Fig. 2 . Materials are categorized into five categories: metals, thermoplastics, thermosetting resins, glasses and others. A unit consisting of two or more categories is treated by shredding and separation. The recyclable materials are usually iron, copper, and aluminum. Furthermore, thermoplastics and thermosetting resins are added if the definition of recycling by the evaluation engineer includes not only material recycling but also chemical recycling and thermal recovery. The material recyclable rate must be calculated based on a consideration of the yield of mechanical shredding and separation process. There are disassembly units consisting only of types of a single category. However, material varies within the same category. In the case of a composite, the compatibility of its constituent materials is researched in order to select applicable recycling modes such as horizontal material recycling, cascade material recycling or chemical recycling. A judgment of compatibility of materials is described in the next section.
3. 3 Compatibility judgment on each material in a single category The compatibility for determining recycling mode, which is applicable to the constituent materials classified in a single category, is described as follows.
Disassembly level of the evaluation unit is assumed such that the unit can be taken over by a recycler. The compatibility can be considered from four viewpoints, namely, removability, miscibility, marketability and impurity concentration. It is ideal if all viewpoints can be taken into consideration in the compatibility judgment. However, impurity concentration is unavailable for the judgment at present. The acceptable value of the impurity concentration varies depending on the kind of material, application of recycled material and quantity to be recycled. Therefore, it is difficult to make a database for the judgment. Moreover, it is difficult to collect the information about impurity in materials. Therefore, three important and available viewpoints are applied in this method, namely, removability, miscibility, and marketability.
1 Removability
Even though a market for some recycled materials exists at present, the materials are not guaranteed to be recyclable materials in the future. Consolidation of laws and regulations concerning recycling would bring about a great increase in the supply of recycled materials. A distribution system of recycled materials works if the quantity is limited. However, there is a possibility that the system may be undermined by a large fall in price caused by oversupply and accumulation of irremovable impurities. Concerning material recycling of metals, there are two kinds of impurities. One is removable in a refinement process. The other is irremovable, and hence accumulates with the increase of the number of times of recycling and affects the performance of materials. The latter is called a tramp element. Therefore, the design should be executed such that combinations of metals that would pose a problem are avoided. For judging compatibility of metals, the information on the removability by refinement is summarized in Table 1 , focusing on the iron, copper, and aluminum, the scraps of which are recovered currently (5) - (7) . The combinations of irremovable metals are not accepted as design for recycling in this method.
Mechanical separation technologies for thermoplastic resins have been developed. For example, polyvinyl alcohol is separated according to the difference of specific gravity, because incineration and thermal decomposition of the resin causes production of halogen gases. However, the design relying on the mechanical separation of resins has problems in terms of separation efficiency and cost. In the case of other thermoplastic resins, the differences of the specific gravities are too small for mechanical separation in practice. Therefore there are few cases in operation. For this reason, all of the combinations of thermoplastic resins are not accepted from the viewpoint of removability in this method.
Glasses are classified by color, namely colorless, brown, and green. Heat-resistant glass and lead glass are collected exceptionally. If the units consisting of glasses are not crushed and are large enough, they can be separated mechanically. Closed-loop recycling is possible Table 1 Accumulation and removability of impurities in metals for glass of the same color or for special glasses of the same type. On the other hand, separation is difficult in the case of a mixture of crushed glasses. It can be used only for roadbed filler through cascade recycling. The value of the recycled glass falls remarkably. Hence a mixture of glasses is not regarded as recyclable in this method. Glasses should be removed and classified as a unit before crushing.
2 Miscibility
Recycling technology progresses with increase of the social demand for recycling. In order to put new recycling technology into practical use, design reflecting the prediction of new recycling technology is required. Design based on a recycling technology, which is not put into practical use, poses a risk at the time of recycling implementation. On the other hand, developing and releasing a product whose design reflects the prediction of new recycling technology promotes the development of recycling technology. Therefore, an engineer should design products based on the prediction of future recycling technology.
Miscibility is an important factor, which affects the value of an application product using a mixture of recycled materials. When material recycling is tried for a mixture of thermoplastic resins by melting and molding, in order to establish reliability of structural material, it is necessary for the molding to be homogeneous and for there to be no interface between materials or impurities. Otherwise, the molding looses reliability as a structural material.
For example, polypropylene used for an automobile bumper is not miscible with melamine or urethane resin, which is used as a coating material on the bumper, even if the bumper is pulverized, melted and molded. The particle in the molding derived from the coating material easily causes a crack starting from the interface, and hence the strength of the molding degrades. Therefore, the coating should be removed or decomposed before material recycling.
Miscibility is important not only for coating but also for the recycling mode of other polymers. If parts made of immiscible polymers, such as polypropylene and polystyrene, are recycled as a composite material, only cascade recycling for low-grade products, such as a pile and a board, is possible.
On the other hand, some combinations of thermoplastic resins have miscibility, that is, they can be mixed in the micro size domain. The miscible combinations of thermoplastic resins can be treated as homogeneous and reliable molding. The information on the miscibility of thermoplastic resins was summarized in Table 2 (8) - (14) . Although miscibility is taken into consideration in the recycling of few materials at present, it is necessary to consider miscibility in material recycling for products requiring high reliability. Therefore, the combinations of miscible thermoplastic resins are regarded as recyclable material in this method.
3 Marketability
For example, polycarbonate (PC) and acrylonitrile-butadiene-styrene copolymer (ABS) are used not only independently but also together as a polymer blend. PC-ABS resin exhibits high performance, and hence there are many application products. Although marketability of a polymer blend and compatibilizing technology, which improves miscibility of the polymers, have a strong causal relation, the information on the technology is not necessarily disclosed. On the contrary, combinations of miscible polymers do not necessarily have high performance. Therefore, polymer blends currently on the market are a source of good criteria regarding practical use. The information on the polymer blends Table 2 Miscibility and compatibilized examples of polymers   Table 3 Marketable polymer blends currently on the market is summarized in Table 3 (10) . The combinations of the major polymer blends currently on the market are regarded as recyclable materials in this method.
4 Evaluation of the effects of material degrada-
tion on recyclability Material degradation during usage reduces the recycling rate. Therefore, using probability distribution, we tried to take material degradation into consideration in this method [ Fig. 1 (d) ]. In the case of closed-loop recycling of degraded thermoplastic resin, it is necessary to mix virgin resin or some additives in order to compensate the performance. The severer the degradation state of material is, the greater is the reduction in the mixing ratio of recycled material. A recycled resin can be consumed if the quantity of production of the application product increases every year. However, it is unrealistic to assume that the quantity of production of an application product increases every year. Moreover, in the case that the supply of recycled material to the market increases in the future, the commodity value of the recycled material manufactured with the degraded resin falls, and hence it is possible that the market of recycled materials would stop. Therefore, the method applies the Monte Carlo simulation (15) to the estimation for probability distribution of recyclability rate of a product. The distribution factors in the simulation are the number of the conditions of use, which causes the degradation of the units and parts.
The correspondence to the conditions of use of thermal degradation, chemical degradation, photochemical degradation and adhesion of crud is taken into consideration as the degradation factors of thermoplastic resins. For example, thermal degradation of the parts in contact with an exothermic unit, such as a heater and a motor, are taken into consideration. Chemical degradation of the parts exposed to chemicals, such as an acid, an alkali and oil, is taken into consideration. Photochemical degradation of the parts exposed to direct sunlight is taken into consideration. For the parts to which soil, dust, mold and foods tend to adhere, crud is taken into consideration. Furthermore, multiple degradation conditions may accelerate degradation of the material. Therefore, it is assumed that the recyclability rate of the parts exposed to multiple degradation conditions decreases.
The rate of the recovery yield generated according to the probability distribution, which is shown in Fig. 3 , is used for each of the parts made of thermoplastic resins. Recyclability rate of the product is estimated by integrating mass of recyclable materials for every disassembly unit. The results of the trials are expressed with a frequency distribution, namely, probability distribution of the recyclability rate of the product. The shape of probability distribution applied to the part shifts toward high recyclability in accordance with the decrease in the number of degradation factors, as shown in Fig. 3 (a)-(c) . When the part does not correspond to any degradation condition, it is unnecessary to take decrease of the recyclability into consideration, as shown in Fig. 3 (d) . In addition, crud is the major reason why the parts made of thermoplastic resins cannot be recycled in a recycling facility for home appliances. Based on this present condition, the lowest recovery yield, which is shown in Fig. 3 (a) , is applied to the 
Case Study
The proposed method was applied to recyclability evaluation of a refrigerator. The sample refrigerator has a capacity of 400 liters and a mass of 88 kg. In terms of parts and materials data, it consists of 403 items. The main material composition of the product is shown in Fig. 4 .
The results of the rate of material recyclability in various evaluation conditions are shown in Fig. 5 . When the material collected by disassembly is recyclable as a material, the recovery yields of both closed-loop and cascade recycling are set at 100% in the estimation. On the other hand, the recovery yields of the materials collected by mechanical shredding and separating, for example, iron, copper and aluminum, are set at 95%. Evaluation scenarios from A to E are examples in which only material recycling is estimated as a rate of recyclability and the disassembly level is raised gradually.
The evaluation scenario A is the case that the mechanical shredding and separating is carried out for the product directly without disassembly. Separating classification is four. Three of them are recyclable iron, copper and aluminum. Other materials including thermoplastic resins etc. are not recyclable. The rate of recyclability is estimated to be 49.3 wt%.
The evaluation scenario B is the case that a printed circuit board, cord and a compressor are disassembled, and oil and coolant are recovered. Others are treated with mechanical shredding and separating. The rate of recyclability is estimated to be 49.9 wt%. In order to raise the recyclability rate of the product, the parts made of thermo- The evaluation scenarios C to E are the case that the interior parts made of thermoplastic resins, which are easy to disassembly, are collected further. The evaluation scenario C is the case that the 27 parts, for example interior shelf and case, are disassembled. The rate of recyclability is estimated to be 61.6 wt%. Many of the recycling facilities for home appliances put disassembly into practice for interior thermoplastic resins. Therefore, the treatment of the middle level of the scenarios B and C is performed. An actual result of recycling rate for refrigerator was 63 wt% according to the Ministry of Economy, Trade and Industry in fiscal 2003. The value is similar to the evaluation result of scenario C. The evaluation scenario D is the case that the 10 parts, which can be disassembled by easy work, such as screws, are disassembled. The rate of recyclability is estimated to be 63.8 wt%. The evaluation scenario E is the case that a further 10 parts, which can be disassembled and separated, such as interior parts consisting of thermoplastic resins and metal reinforcements, are disassembled. The estimated rate of recyclability increases to 67.6 wt%.
Even if the number of the disassembly parts exceeds that in scenario E, it is difficult to raise the rate of recyclability. The mass of parts, which are not disassembled, is so little that the rate of recyclability does not increase significantly. Therefore, adoption of a new processing technology is assumed in evaluation scenarios F to H. Some of the resin, which is judged not to be recyclable in scenarios A to E, is assumed to be recyclable in the scenarios.
The evaluation scenario F is the case that urethane, which is used as insulation, is assumed to be recyclable after removal of the chlorofluorocarbon gas in the insulation. The rate of recyclability is estimated to be 74.2 wt%. The evaluation scenario G is the case that the thermoplastic resins, which are collected by mechanical shredding and separating, are assumed to be recyclable. The resins are polypropylene, acrylonitrile-butadiene-styrene, etc., which are used for a cabinet. The rate of recyclability is estimated to be 83.0 wt%. The evaluation scenario H is the case that all of the thermoplastic resins, which are collected by mechanical shredding and separating of whole product, are assumed to be recyclable. The rate of recyclability is estimated to be 94.3 wt%.
The evaluation scenario J is the case that the product is disassembled to 403 items of material data. The evaluation result is equal to the conventional rate of recyclable materials used in a product. The rate of recyclability is estimated to be 96.6 wt%. The conventional rate of recyclable materials used in a product does not take disassembly level and material composition in a disassembly unit into consideration. The conventional rate is far from the rate of recyclability, which takes disassembly level and compatibility of material combination into consideration.
The risk of decreasing recycling rate by degradation of materials is evaluated in the next step. The example shows the simulation result for the scenario C. Degradation factors are set up to 27 parts, which include 15 parts of polystyrene and 12 parts of polypropylene, as shown in Table 4 , considering the condition during use. These parts are used as interior parts, and hence they may be subject to adhesion of crud and chemical degradation by contact with food. The condition of use of the parts is "with crud." Therefore, probability distribution shown in Fig. 3 (a) is applied to the rate of recovery yield of the parts in the simulation.
A result of the Monte Carlo simulation for the recyclability rate of the product is shown in Fig. 6 . The distribution of the recyclability rate of the product is the result of 1 000 trials of estimation. The rate of recyclability as Table 4 Definition of plastic degradation factor for each unit Fig. 6 The result of Monte Carlo simulation material by scenario C is 61.1 wt%, as shown in Fig. 5 . The rate is estimated on the assumption that there is no material degradation for the parts made of thermoplastic resins. However, the rate of recyclability falls to 52.6 wt% with 95% reliability when taking material degradation into consideration.
Conclusion
We proposed a more realistic recyclability evaluation method reflecting the actual recycling process. The method has two principal features:
( 1 ) The applicable recycling mode and the recycling rate are estimated for each disassembly unit based on the compatibility database considering the market for recycled material and technology in the future.
( 2 ) The risk of decrease of the recycling rate caused by the material degradation during use is estimated by Monte Carlo simulation.
We suppose that it is necessary to tackle several subjects in the future, for example, the clarification of the relation between impurity concentration in material and recyclability, improvement of the setting of probability distribution used for evaluation of the risk of a decrease in the recycling rate caused by material degradation, etc.
